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Enhancers are ﬂexible in terms of their location and orientation relative to the genes they regulate.
However, little is known about whether the ﬂexibility can be applied in every combination of enhancers
and genes. Enhancer detection with transposable elements is a powerful method to identify enhancers
in the genome and to create marker lines expressing ﬂuorescent proteins in a tissue-speciﬁc manner.
In the chordate Ciona intestinalis, this method has been established with a Tc1/mariner superfamily
transposon Minos. Previously, we created the enhancer detection line E[MiTSAdTPOG]15 (E15) that
speciﬁcally expresses green ﬂuorescent protein (GFP) in the central nervous system (CNS) after
metamorphosis. In this study, we identiﬁed the causal insertion site of the transgenic line. There are
two genes ﬂanking the causal insertion of the E15 line, and the genomic region around the insertion site
contains the enhancers responsible for the expression in the endostyle and gut in addition to the CNS.
We found that the endostyle and gut enhancers show sensitivity to the orientation of the GFP gene for
their enhancer activity. Namely, the enhancers cannot enhance the expression of GFP which is inserted
at the same orientation as the E15 line, while the enhancers can enhance GFP expression inserted at the
opposite orientation. The CNS enhancer can enhance GFP expression in both orientations. The DNA
element adjacent to the endostyle enhancer is responsible for the orientation sensitivity of the
enhancer. The different sensitivity of the enhancers to the orientation of the transgene is a cause of
CNS-speciﬁc GFP expression in the E15 line.
& 2013 Elsevier Inc. All rights reserved.Introduction
The regulation of gene expression is an important issue for
understanding the development of multicellular organisms
(Howard and Davidson, 2004). Enhancers are genomic elements
that function in the regulation of the spatial and temporal
expression of genes (Ong and Corces, 2011). The characterization
of enhancers is necessary to understand the mechanisms by
which the gene expression pattern is determined. The position
and orientation of enhancers relative to the genes they regulate is
irregular. Enhancers can be located at 50 upstream, 30 down-
stream, or even in the introns of the genes they regulate. Some of
the enhancers can act from several hundred kilo base pairs (kbps)
distant from the genes (Kokubu et al., 2009). Although such
ﬂexibility is a characteristic of enhancers, the relative positioningll rights reserved.
uba.ac.jp (Y. Sasakura).
ate School of Science, Kyotoof enhancers and the genes they regulate may not be randomly
determined; there must be some constraints on the relative
locations and orientation of enhancers and genes. Several studies
have suggested that the spacing, orientation and order of the
transcription binding sites critically affect the enhancer activity
(e.g. Giese et al., 1995; Passamaneck et al., 2009), suggesting that
the positioning of the enhancers is constrained by these factors.
However, how the positioning of enhancers and genes is deter-
mined is not well understood.
The irregularity of the position and orientation of enhancers
makes their identiﬁcation difﬁcult. Identiﬁcation of enhancer
activity in the chromosome requires a splendid genetic system
such as has been applied in only a few organisms (Sundaresan
et al., 1995; Balciunas et al., 2004; Parinov et al., 2004; Awazu
et al., 2004; Lorenzen et al., 2007). Enhancer activity in the
genome can be detected by using transposable elements or
transposons. When a transposon vector containing the fusion of
a weak promoter and a reporter gene is inserted into a genomic
region under the control of an enhancer, the expression of the
reporter gene in the transposon is regulated by the enhancer,
A. Hozumi et al. / Developmental Biology 375 (2013) 79–9180which results in alteration of the expression pattern of the
reporter gene (O’Kane and Gehring, 1987). An advantage of this
transposon-mediated enhancer detection is that enhancer activity
in the chromosome can be identiﬁed with minimal alteration. The
conventional method, namely monitoring reporter gene expres-
sion from a DNA construct in which the enhancer element is fused
to a minimal promoter and a reporter gene, is also necessary for
detailed characterization of the enhancer. To study the mechan-
isms of gene expression, an organism should be selected in which
such experiments can be carried out.Fig. 1. The E15 line has a transposon insertion between Ci-GALNT6-related and Ci-SMPD3. (
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web version of this article.)The chordate Ciona intestinalis is an excellent experimental
model for analyzing the mechanisms of gene expression in the
simpliﬁed chordate genome. This chordate has a compact genome
compared to vertebrate models (Dehal et al., 2002). The genome
size and gene number of Ciona are comparable to those of the
protostome Drosophila melanogaster (Adams et al., 2000). The
simpliﬁed Ciona genome contains the basic set of genes for
constructing the chordate body plan (Sasakura et al., 2003a,b;
Satou et al., 2003). The small genome size means that enhancers
are densely located in the genome. Indeed, previous studies haveA) A juvenile of E15 expressing GFP in the central nervous system (CNS). Lateral view,
cence derived from an absorbed tail. Bar, 100 mm. (B) Genomic organization around the
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icates PCR bands derived from the transposon insertion of the E15 line, which were not
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ne independent animal. M, marker lane. (D) Phylogenetic tree of neutral SMPD proteins
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i-SMPD2/4’’. (E) Expression of Ci-GALNT6-related and Ci-SMPD3 at the early tailbud and
stage, stronger and weaker expressions of Ci-GALNT6-related are detected in the trunk
sly. CNS, central nervous system; En, endostyle. At the early tailbud stage, Ci-SMPD3 is
expression was observed in the case of Ci-SMPD3. The strong signal at the stomach (St)
PD3 in the adult cerebral ganglion, as revealed by RT-PCR. EF1awas used as the positive
terpretation of the references to color in this ﬁgure legend, the reader is referred to the
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located close to the genes they regulate (Kusakabe, 2005;
Lemaire, 2011). This advantage reduces the labor involved in
identifying and characterizing enhancers. Transposon-based
germline transformation of this ascidian has been established
with the Tc1/mariner superfamily transposon Minos (Sasakura
et al., 2003c,d; Sasakura, 2007; Sasakura et al., 2007), and the
Minos system has been applied to enhancer detection (Awazu
et al., 2004; Sasakura et al., 2008; Hozumi et al., 2010). Many
enhancer detection lines that speciﬁcally express GFP reporter in
a tissue-speciﬁc manner have been established (Sasakura et al.,
2009; Ohta et al., 2010; Yoshida and Sasakura 2012). In addition
to the germline transgenesis, methods of efﬁcient transient
transgenesis involving the introduction of exogenous DNA con-
structs into hundreds of embryos by electroporation have been
established (Corbo et al., 1997). Given these advantages, enhancer
activity in the small chordate genome has been extensively
studied in C. intestinalis.
In the previous study, we created a GFP enhancer detection
line, E[MiTSAdTPOG]15 (abbreviated as the E15 line). This line
does not show GFP expression at the embryonic and larval stages;
E15 starts to express GFP speciﬁcally in the central nervous
system (CNS) after metamorphosis (Fig. 1A; Awazu et al., 2007;
Dahlberg et al., 2009). This transgenic line was utilized as a
marker for observing the regeneration of the adult nervous
system (Dahlberg et al., 2009; Auger et al., 2010). We expected
this line to have a transposon insertion near an enhancer
responsible for the CNS expression. In this study, we identiﬁed
the causal insertion site of this line and investigated the enhancer
activity near the insertion site. The genomic region around the
insertion site contains enhancers for the endostyle and gut in
addition to the CNS enhancer. We examined how the transgene
does not respond to the endostyle and gut enhancers. We found
that the endostyle and gut enhancers cannot enhance GFP
expression from the transgene because they show sensitivity to
the orientation of the reporter gene, while the CNS enhancer doesFig. 2. The genomic region between Ci-SMPD3 and Ci-GALNT6-related contains the CN
analyses. (B) The relative positions of the CNS, endostyle and gut enhancers. (C) A juve
fusion construct was introduced by electroporation. Kaede was expressed in the CNS, e
Ci-GALNT6-related and the Kaede fusion construct was introduced. Kaede was express
sequence of Ci-GALNT6-related and the Kaede fusion construct was introduced. Kaede
construct was introduced. GFP was expressed in the endostyle and gut. (G) A juvenile in
in the gut, while no GFP expression was observed in the endostyle. (H) A juvenile into w
the ends of the endostyle, which was derived from the constitutive activity of Ci-TPO pnot show such sensitivity. Such a difference in enhancer activity is
a cause of CNS-speciﬁc GFP expression in the E15 line.Materials and methods
Animals and transgenic line
Wild-type C. intestinalis was collected from or cultivated at
Onagawa (Miyagi), Maizuru (Kyoto), Mukaishima (Hiroshima) and
Usa (Kochi). E[MiTSAdTPOG]15 was described previously (Awazu
et al., 2007).Constructs
pSPCiGALNT6r(up6k)K (up6k in Fig. 2A): A 6 kbp-long
upstream sequence of Ci-GALNT6-related was ampliﬁed by PCR
with the primers 50-ggggatccaaatggttatcatcacgagac-30 and 50-
ccggatccatgtttacctactgacctgc-30, digested by BamHI, and inserted
into the BamHI site of pSPKaede (Hozumi et al., 2010) to create
pSPCiGALNT6r(up6k)K.
pSPCiGALNT6r(up3k)K (up3k in Fig. 2A): A 3 kbp-long
upstream sequence of Ci-GALNT6-related was ampliﬁed by PCR
with the primers 50-ggggatcctagcgtgttgttattttttagc-30 and 50-
ccggatccatgtttacctactgacctgc-30, digested by BamHI and inserted
into the BamHI site of pSPKaede (Hozumi et al., 2010) to create
pSPCiGALNT6r(up3k)K.
pSPCiGALNT6r(up2k)K (up2k in Fig. 2A): A 2 kbp-long
upstream sequence of Ci-GALNT6-related was ampliﬁed by PCR
with the primers 50-ccggatcctactccgatgcaatttgagtcg-30 and 50-
ccggatccatgtttacctactgacctgc-30, digested by BamHI and inserted
into the BamHI site of pSPKaede (Hozumi et al., 2010) to create
pSPCiGALNT6r(up2k)K.
pSPdTPOG: The promoter region of Ci-TPO (Ogasawara et al.,
1999; Sasakura et al., 2003b) of pMidTPOG (Awazu et al., 2007)S, endostyle and gut enhancers. (A) Organization of DNA constructs for enhancer
nile into which the 6 kbp-upstream sequence of Ci-GALNT6-related and the Kaede
ndostyle (En) and gut. (D) A juvenile into which the 3 kbp-upstream sequence of
ed in the CNS, endostyle and gut. (E) A juvenile into which the 2 kbp-upstream
was expressed in the CNS and gut. (F) A juvenile into which the SMPD3down4k
to which the SMPD3down4k/30del1k construct was introduced. GFP was expressed
hich the SMPD3down4k/30del2k construct was introduced. GFP was expressed in
romoter.
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et al., 2003b) to create pSPdTPOG.
pSPCiSMPD3down4kdTPOG (SMPD3kdown4k in Fig. 2A):
A 4 kbp-long downstream sequence of Ci-SMPD3 was ampliﬁed
by PCR with the primers 50-ccctgcagaaatggttatcatcacgagac-30 and
50-ccctgcagcgcgttgtaataaacgagtgtc-30, digested by PstI and
inserted into the PstI site of pSPdTPOG to create pSPCiSMPD3-
down4kdTPOG. pSPCiSMPD3down4kdTPOG was subjected to PCR
with the primers 50-ccctgcagctaaaaaataacaacacgctac-30 and 50-
ccctgcagaaatggttatcatcacgagac-3, or 50-ccctgcaggcgaacccttgtact-
tattgaac-30 and 50-ccctgcagaaatggttatcatcagagac-3, digested by
PstI and inserted into the PstI site of pSPdTPOG to create
pSPCiSMPD3down4k/30del1kdTPOG and pSPCiSMPD3down4k/
30del2kdTPOG.
pSPCiGALNT6r(up6k)mKO2 and pSPCiGALNT6r(up6k)mCherry: A
6 kbp-long upstream sequence of Ci-GALNT6-relatedwas ampliﬁed by
PCR as described above, digested by BamHI, and inserted into the
BamHI site of pSPmKO2 and pSPmCherry (Ogura et al., 2011)
to create pSPCiGALNT6r(up6k)mKO2 and pSPCiGALNT6r(up6k)m
Cherry.
pSPCiGALNT6r(up6k)MiTSAdTPOG(F)mKO2 (up6k MiTSAdTPOG(F)
in Fig. 4A) and pSPCiGALNT6r(up6k)MiTSAdTPOG(R)mKO2 (up6k
MiTSAdTPOG(R) in Fig. 4A): pSPCiGALNT6r(up6k)mKO2 was sub-
jected to PCR with the primers 50-gctgcaaggtttaacccacgcc-30 and
50-actaactgttaacactgttggc-30. pMiTSAdTPOG (Awazu et al., 2007)
was subjected to PCR with the primer 50-tacgagccccaaccactat-
taattc-30. The two PCR products were ligated to create the two
constructs.
pSPCiGALNT6r(up6k)dTPOG(F)mCherry (dTPOG Forward in
Fig. 4C) and pSPCiGALNT6r(up6k)dTPOG(R)mCherry (dTPOG
Reverse in Fig. 4C): pSPCiGALNT6r(up6k)mCherry was subjected
to PCR with the primers 50-gctgcaaggtttaacccacgcc-30 and 50-
actaactgttaacactgttggc-30. The dTPOG cassette was ampliﬁed by
PCR with the primers 50-ccatgaaagtcgtgaggatacg-30 and 50-gca-
gatctgatggccgctttgac-30. The PCR products were ligated to create
the two constructs.
pSPCiFkhbasalG: The basal promoter of Cifkh (Harafuji et al.,
2002) was ampliﬁed by PCR with the primers 50-agggatcccgc-
catttttttcttaaaat-30 and 50-ggagatctttttgtacttgcaaaagt-30, digested
with BamHI and BglII, and subcloned into the BamHI site of
pSPeGFP to create pSPCiFkhbasalG.
pSPCiGALNT6r(up6k)CiFkhGbasal(F)mCherry (CiFkhG Forward
in Fig. 4D) and pSPCiGALNT6r(up6k)CiFkhGbasal(R)mCherry
(CiFkhG Reverse in Fig. 4C): pSPCiGALNT6r(up6k)mCherry was
subjected to PCR with the primers 50-gctgcaaggtttaacccacgcc-30
and 50-actaactgttaacactgttggc-30. pSPCiFkhbasalG was subjected
to PCR with the primers 50-agggatcccgccatttttttcttaaaat -30 and 50-
gcagatctgatggccgctttgac-30. The two PCR products were ligated to
create the two constructs.
pSPEE1175dTPOG (full length 1175 bp in Fig. 5A): A 1175 bp
fragment was ampliﬁed by PCR with the primers 50-ccctgcag-
tagcgtgttgttattttttagc-30 and 50-ccctgcagcgcgttgtaataaacgagtgtc-30,
digested by PstI, and inserted into the PstI site of pSPdTPOG to
create pSPEE1175dTPOG. A series of deletion constructs was
created by PCR.
pSPCiGALNT6r(up6k)/EEdel30695bp/dTPOG(F)mCherry, pSPCi-
GALNT6r(up6k)/EEdel30695bp/dTPOG(R)mCherry, pSPCiGALN-
T6r(up6k)/EEdel30938bp/dTPOG(F)mCherry and pSPCiGALN-
T6r(up6k)/EEdel30938bp/dTPOG(R)mCherry (constructs shown in
Fig. 6A): A part of a 1175 bp fragment was deleted from pSPCi-
GALNT6r(up6k) mCherry by PCR, the deletion vectors were then
opened by PCR, and the dTPOG cassette was then inserted.
pSPCiGALNT6r(up6k)/upEEdTPOG(F)mCherry and pSPCiGALN-
T6r(up6k)/upEEdTPOG(R)mCherry (UpEE dTPOG(F) and UpEE
dTPOG(R) in Fig. 6C and D): pSPCiGALNT6r(up6k)mCherry was
subjected to PCR with the primers 50-gcgtgttgttattttttagcggtcg-30and 50-cgtcctgtttcgagttaacaaaa-30. The dTPOG cassette was ampli-
ﬁed with the primers 50-actcgaaacaggacgtactgcagccatgaaagtcgt-
gaggatacg-30 and 50-aaaataacaacacgctaagatctgatggccgctttgac-30,
or 50-actcgaaacaggacgtaagatctgatggccgctttgac-30 and 50-aaaataa-
caacacgctactgcagccatgaaagtcgtgaggatacg-30. The PCR products
were ligated by using the In-Fusion PCR cloning kit (Clontech).
A series of the deletion constructs of the 6 kbp-long upstream
sequence of Ci-GALNT6-related (the constructs shown in Fig. 5):
Fusions of dTPOG and a 2 kb upstream region of Ci-GALNT6-related
were isolated from pSPCiGALNT6r(up6k)dTPOG(R)mCherry and
pSPCiGALNT6r(up6k)dTPOG(R)mCherry by PCR and restriction
enzymes. The cassette was subcloned into pSPmCherry to create
pSPdTPOG(F)CiGALNT6r(up2k)mCherry and pSPdTPOG(R)CiGALN-
T6r(up2k)mCherry. The remaining parts of the upstream region of
Ci-GALNT6-related were ampliﬁed by PCR, digested with XhoI and
inserted into the XhoI sites of pSPdTPOG(F)CiGALNT6r(up2k)mCherry
and pSPdTPOG(R)CiGALNT6r(up2k)mCherry.
Constructs in which the orientation of the orientation sensitivity
responsible element (OSRE) and/or endostyle enhancer was reversed
(the constructs shown in Fig. 6): The OSRE and endostyle enhancer
were PCR-ampliﬁed, and they were respectively inserted into the
SmaI and EcoRV sites of pBluescript SKIIþ to create pBSOSRE(F/
R)EE(F/R). The fusions of OSRE-EE were then PCR-ampliﬁed and were
inserted into the XhoI sites of pSPdTPOG(F)CiGALNT6r(up2k)mCherry
and pSPdTPOG(R)CiGALNT6r(up2k)mCherry.Identiﬁcation of Minos insertion sites
Thermal asymmetric interlaced PCR (TAIL-PCR) was performed
as described previously (Liu et al., 1995; Sasakura et al., 2003c,
2005). PCR products were subcloned into the pGEMT vector
(Promega), and their sequence was determined. The nucleotide
sequence was BLAST-searched against the GHOST database (Satou
et al., 2002, 2005) to determine the Minos insertion sites of E15.
Juveniles of the E15 lines were subjected to treatment in 50 ml
of 1 x TE solution containing 0.2 mg/ml Proteinase K for 3 h at
50 1C, followed by 15 min at 95 1C to inactivate Proteinase K.
One micro liter of the extract was used for the PCR analyses to test
whether the juveniles had the identiﬁed transposon insertions in
their genomes. The sequences of the used primers were 50-
acgaaatgcattggtatgtgttatc-30 and 50- tactccgatgcaatttgagtcg -30.
As a positive control, a genomic region encoding Ci-snail was
ampliﬁed with the following primers: 50-tgatgtatcgccaccacaac-30
and 50-gaagtgctccaagagaactg-30. PCR was done with ExTaq DNA
polymerase (Takara Bio), and the PCR conditions were 35 cycles of
30 s at 94 1C, 30 s at 55 1C, and 30 s at 72 1C, followed by a ﬁnal
extension for 10 min at 72 1C.Whole-mount in situ hybridization and reverse transcription
(RT)-PCR
Whole-mount in situ hybridization at the early tailbud and
juvenile stages was performed according to Nakashima et al.
(2003) and Yoshida and Sasakura (2012), respectively. The adult
neural complexes were isolated from wild-type mature adults.
Total RNA was isolated by the AGPC method (Chomczynski and
Sacchi, 1987) using Isogen (Wako). Genomic DNA was digested
with DNase I (Invitrogen). Reverse transcription was done with
Superscript III reverse transcriptase (Invitrogen). PCR was done
with the following primers: 50-cagatacgcagtgacatttcg-30 and 50-
tacaaagtgacggacaacagc-30 for Ci-GALNT6-related, 50-gaagcagaaac-
cagtgcatac-30 and 50-tccactgagctgatgtaatgc-30 for Ci-SMPD3, and
50-ttggacaaacttaaggccgagc-30 and 50-gtctccagcaacataacctctc-30 for
EF1a.
A. Hozumi et al. / Developmental Biology 375 (2013) 79–91 83Phylogenetic analyses of GALNT and SMPD proteins
The amino-acid sequences of the Ciona proteins were retrieved
from the KH gene model (Satou et al., 2008a) at the Ghost
website. The retrieved sequences were aligned using the T-
COFFEE program (Notredame et al., 2000). Maximum likelihood
trees were constructed using the PHYML program (Guindon and
Gascuel, 2003) with the WAG amino-acid substitution matrix
(Whelan and Goldman, 2001) in accordance with a previous study
(Satou et al., 2008b).Table 1
Identiﬁcation of the enhancers in the genomic region between Ci-GALNT6-related
and Ci-SMPD3.
% (n) animals expressing GFPn
SMPD3down
4k
SMPD3down
4k/30del1k
SMPD3down
4k/30del2k
Endostyle 71% (51/71) 7% (5/68) 8% (6/67)
Peripharyngeal band 57% (41/71) 1% (1/68) 2% (2/67)
Retropharyngeal
band
47% (34/71) 17% (12/68) 32% (22/67)
Gut 53% (38/71) 83% (57/68) 1% (1/67)
TPO pattern 8% (6/71) 11% (8/68) 56% (38/67)
n Since the construct utilized in this experiment shows constitutive expression
of GFP at the end of the endostyle (TPO pattern), the animals which did not
express GFP in any of the above tissue(s) can be judged to be ‘‘animals with lost
transgenes’’. These animals were not included in the count because their loss of
GFP expression was not due to a loss of enhancer activity.Results
Expression pattern of the two genes ﬂanking the causal insertion
site of the E15 line
To characterize the E15 line (Fig. 1A) in detail, the causal
insertion site of the enhancer detection in this line was identiﬁed.
We identiﬁed a transposon insertion between the two gene
models KH.L149.8 and KH.L149.6 from the E15 line (Fig. 1B).
Genomic PCR analyses showed that the insertion site and the
enhancer detection event of the E15 line showed a perfect
correlation: namely, all of the juveniles that inherited E15
enhancer detection had the insertion (16/16; ‘‘GFP-positive’’ in
Fig. 1C) while no sibling that had not inherited E15 enhancer
detection had the insertion (0/15; ‘‘GFP-negative’’ in Fig. 1C). This
result suggests that the transposon insertion between KH.L149.8
and KH.L149.6 is the causal insertion of the E15 line.
KH.L149.8 encodes a protein showing homology to human
UDP-N-acetyl-alpha-D-galactosamine:polypeptide N-acetylgalac-
tosaminyltransferases (GALNTs; Ramakrishnan and Qasba, 2010).
We named the gene KH.L149.8 Ci-GALNT6-related for the follow-
ing reasons. First, the protein encoded by Ci-GALNT6-related
showed the highest similarity to human GALNT6 among human
proteins. Second, the C. intestinalis protein showing the highest
similarity to human GALNT6 is not Ci-GALNT6-related, but the
protein encoded by the other gene model KH.S781.9. A phyloge-
netic analysis using the amino-acid sequences of the full lengths
of human and Ciona GALNT proteins also supported similarity
between GALNT6 and Ci-GALNT6-related; however, the bootstrap
value is not high (data not shown). We concluded that KH.L149.8
encodes a protein related to human GALNT6, but its orthology is
obscure.
KH.L149.6 encodes a protein that shows similarity to human
neutral type sphingomyelin phosphodiesterase (SMPD; Hofmann
et al., 2000). We named this gene Ci-SMPD3, because the protein
encoded by KH.L149.6 shows the highest similarity to human
SMPD3 and vice versa, suggesting that these proteins are ortho-
logous. The phylogenetic analyses of Ciona and human SMPD
proteins supported their orthology (Fig. 1D).
Because the E15 line shows GFP expression speciﬁcally in the
CNS of juveniles (Fig. 1A), we expected that Ci-GALNT6-related
and/or Ci-SMPD3 would show speciﬁc or strong expression in the
CNS at this stage. The expression patterns of Ci-GALNT6-related
and Ci-SMPD3 were examined by whole-mount in situ hybridiza-
tion (WISH). At the early tailbud stage, Ci-GALNT6-related is
expressed ubiquitously (Fig. 1E, left), with expression in the trunk
stronger than in the tail region. At the juvenile stage, Ci-GALNT6-
related showed expression in the CNS, endostyle, and gut (Fig. 1E,
right). The expression of Ci-GALNT6-related in the adult CNS was
conﬁrmed by reverse transcription (RT)-PCR (Fig. 1F). Ci-SMPD3
showed stronger expression in the CNS and notochord than in the
other tissues at the tailbud stage (Fig. 1E, left). We did not detect a
recognizable signal of Ci-SMPD3 at the juvenile stage (Fig. 1E),
suggesting that this gene is not expressed at the juvenile stage.However, RT-PCR suggested that this gene showed expression in
the adult CNS (Fig. 1F).The genomic region near the insertion site of the E15 line has
enhancer activity for the CNS, endostyle and gut
There are two possibilities that can explain the contrast
between the expression pattern of GFP in the E15 line and that
of the genes near the insertion site. One possibility is that the E15
line entraps a CNS enhancer which is located far from the
insertion site. The other possibility is that there are several
enhancers near the insertion sites which regulate the expression
of Ci-GALNT6-related (Ci-SMPD3 is excluded since this gene is not
expressed at the juvenile stage); however, the causal insertion of
the E15 line entraps only one enhancer responsible for the
expression in the CNS. We tested the enhancer activity of the
genomic regions near the insertion site of the E15 line.
The genomic fragments near the E15 insertion sites were ampli-
ﬁed by PCR and fused to the reporter constructs; it was then
observed how the genomic fragments affect the expression
pattern of the reporter genes. First, we described the enhancer
activity of the 6-kilo base pair (kbp) upstream region of Ci-
GALNT6-related (Fig. 2A). This 6 kbp region can drive the Kaede
reporter protein in the endostyle, gut and CNS (Fig. 2C). The
Kaede-expressing zone recapitulated the expression of Ci-
GALNT6-related, suggesting that the 6 kbp upstream region con-
tains enhancers regulating the expression of Ci-GALNT6-related.
Although the construct drove the reporter gene expression in the
peripharyngeal band and the retropharyngeal band, the expres-
sion in these tissues was not analyzed in the following experi-
ments so as to simplify the analyses. Similar enhancer activity
was observed even though the upstream region was deleted to
3 kbp (Fig. 2A and D). When the upstream region was deleted to
2 kbp, the enhancer activity in the endostyle was lost, while the
expression in the CNS and in the gut remained (Fig. 2A and E),
suggesting that (1) the enhancer for the endostyle is present in
the 1 kbp region from the 50 end of the 3 kbp fragment, and
(2) the 2 kbp upstream region of Ci-GALNT6-related contains
enhancers responsible for the CNS and gut (Fig. 2B).
The position of the endostyle enhancer was conﬁrmed by
analyses of another genomic fragment. When the 4 kbp genomic
fragment downstream from Ci-SMPD3 (we named this fragment
‘‘SMPD3down4k’’) was fused to the Ci-TPO promoter (this pro-
moter was used for Minos-mediated enhancer detection) and the
GFP fusion construct, the artiﬁcial DNA construct showed expres-
sion in the endostyle and gut (Fig. 2A and F and Table 1),
Fig. 3. The endostyle and gut enhancers are sensitive to the orientation of the Ci-TPO4GFP reporter construct. (A) Design of DNA constructs for this analysis. (B) A juvenile into
which the up6k MiTSAdTPOG(F) or up6k MiTSAdTPOG(R) construct was introduced. mKO2 was used as the RFP in this experiment. GFP panels indicate green ﬂuorescence derived
from GFP; RFP panels indicate red ﬂuorescence (pseudocolored in magenta) derived from mKO2; Merge, merged images of the two ﬂuorescence images and different interference
contrast (DIC) images. The white signal is the merged ﬂuorescence of green and magenta, indicating that GFP and RFP were expressed at similar levels. The up6k MiTSAdTPOG(F)-
electroporated animal shows strong GFP signals in the endostyle and gut, which is not seen in the up6kMiTSAdTPOG(R)-electroporated animal. The CNS shows strong GFP and RFP
ﬂuorescence in both cases. (C) TheMinos inverted repeat is unnecessary for the orientation sensitivity of the endostyle and gut enhancers. An up6k CiTPOG(F)-electroporated juvenile
(Forward) shows strong GFP and RFP ﬂuorescence in the CNS, endostyle and gut. An up6k CiTPOG(R)-electroporated juvenile (Reverse) shows faint GFP ﬂuorescence in the endostyle
and gut, while showing strong GFP ﬂuorescence in the CNS. (D) Fluorescence images of juveniles into which up6k CiFkhG(F) (Forward) or up6k CiFkhG(R) (Reverse) was
electroporated. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
A. Hozumi et al. / Developmental Biology 375 (2013) 79–9184suggesting that this region contains enhancers responsible for
these tissues. When approximately 1 kbp was deleted from the 30
end of the SMPD3down4k fragment, expression in the endostyle
was lost (Fig. 2A and G and Table 1), suggesting that the deleted
region contains an endostyle enhancer. When 2 kbp was deleted
from the 30 end of the SMPD3down4k fragment, expression in the
gut was then lost (Fig. 2A and H and Table 1), suggesting that this
deleted region contains an enhancer responsible for the gut.
From these results, we concluded that there are three major
enhancer activities in the genomic region near the causal inser-
tion site of the E15 line that correspond to the CNS, endostyle and
the gut (Fig. 2B). However, the causal insertion of the E15 line
entrapped only one enhancer activity responsible for the CNS.
In addition to that, the above experiments showed that the
endostyle and gut enhancers can upregulate GFP expression from
the Ci-TPO promoter, suggesting that promoter–enhancer incom-
patibility is not the cause of the exclusive GFP expression of the
E15 line in the CNS.
The endostyle and gut enhancers show sensitivity to the orientation
of the transgene
In the above experiment, the enhancers and Ci-TPO4GFP
constructs were fused in the orientation opposite to and down-
stream of that of the Ci-TPO4GFP cassette in the E15 line
(Fig. 2A). We next examined whether the orientation of the
transgene is a cause of the unresponsiveness of GFP to
the endostyle and gut enhancers in the E15 line. We refer to the
orientation of the Ci-TPO4GFP cassette as ‘‘forward’’ when Ci-
TPO4GFP is inserted at the same orientation as the Ci-GALNT6-
related gene in this study, and ‘‘reverse’’ when Ci-TPO4GFP is
inserted at the opposite orientation to Ci-GALNT6-related. In the
E15 line, Ci-TPO4GFP was inserted with the reverse orientation
(Fig. 2A).We created DNA constructs fusing the 6 kbp upstream region
of Ci-GALNT6-related and RFP reporters (mKO2 or mCherry), and
then the Minos-Ci-TPO4GFP cassette (MiTSAdTPOG; Awazu et al.,
2007) was inserted into the same site as the E15 insertion site
(Fig. 3A). When the Minos-Ci-TPO4GFP cassette was inserted at
the forward orientation, GFP is strongly expressed in the CNS,
endostyle and gut (Fig. 3B and Table 2), suggesting that these
enhancers can regulate GFP expression from the Ci-TPO promoter
at the insertion site of E15. In contrast, when the Ci-TPO4GFP
cassette was inserted at the reverse orientation, the GFP expres-
sion in the endostyle and gut was decreased compared to the RFP
expression, while the GFP expression in the CNS remained strong
(Fig. 3B and Table 2), suggesting that the phenomenon in the E15
line was reproduced in the artiﬁcial DNA construct. The same
result was obtained when the inverted repeats of Minos were
omitted from the constructs (Fig. 3C and Table 2), suggesting that
inverted repeats of Minos are not the cause of the orientation
sensitivity of the enhancers. When the promoter fused to the GFP
gene was changed to another promoter of CiFkh, a gene encoding
a winged helix-type transcription factor (Yagi et al., 2003), the
endostyle and gut enhancers showed the same orientation sensi-
tivity as Ci-TPO promoter (Fig. 3D and Table 2), conﬁrming that
promoter–enhancer incompatibility is not the cause of the orien-
tation sensitivity of the enhancers. The expression of GFP from the
CiFkh promoter in the CNS was weaker than that from the Ci-TPO
promoter at both orientations, probably because the CNS enhan-
cer of Ci-GALNT6-related cannot effectively enhance the expres-
sion from the CiFkh promoter. We conclude that the endostyle
and gut enhancers are sensitive to the orientation of the promoter
and GFP at the insertion site of the E15 line. The enhancers cannot
effectively enhance reporter gene expression when the transgene
is inserted at the reverse orientation. The reverse orientation of
the Ci-TPO4GFP cassette in the genome of the E15 line is a
plausible cause of the CNS-speciﬁc expression of GFP in this line.
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A. Hozumi et al. / Developmental Biology 375 (2013) 79–91 85In the following sections we deﬁne the ‘‘orientation sensitivity of
the enhancer activity’’ as the phenomenon in which the enhancer
shows different responsiveness between the transcription units
that were inserted in the forward and reverse orientations at the
same insertion sites. We distinguish the orientation from other
positional relationships for clearer discussion. For this, we then
deﬁne the ‘‘position’’ of the DNA elements (such as the enhancer
and transcription units) as the insertion site of the element
irrespective of its orientation. The total positional relationships
between the enhancer and the transgene can be unambiguously
determined when the position and orientation are clearly deﬁned.Position of the transgene is critical for the orientation-sensitive
enhancer activity
We performed the following analyses to determine which
property is crucial for the orientation-sensitive enhancer activity
of the endostyle enhancer. First, we identiﬁed the core region
required for the activity of the endostyle enhancer. The position of
the endostyle enhancer can roughly be estimated to be within
1175 bp from the above experiments (Fig. 2B, blue line). We
named this region the ‘‘1175 bp fragment’’ and a series of deletion
analyses of the fragment were performed (Fig. 4A). When the
1175 bp fragment was fused to the Ci-TPO4GFP cassette, the DNA
construct expressed GFP in the endostyle (55%, n¼104; Fig. 4B),
suggesting that the 1175 bp fragment is sufﬁcient for enhancer
activity in the endostyle to occur. Because the Ci-TPO promoter
can drive GFP constitutively in the ends of the endostyle, such
expression was not counted as ‘‘endostyle expression’’ in this
study (e.g. Fig. 4C). When a 215 bp-long region near the 50 end of
the 1175 bp fragment was deleted, the fragment lost enhancer
activity in the endostyle (0%, n¼100; Fig. 4C), suggesting that the
core enhancer element is present within the deleted region.
Deletion of the 1175 bp fragment from its 30 end conﬁrmed that
the core region of the endostyle enhancer is located near the 50
end of the 1175 bp fragment (85%, n¼102 for 3’D695 bp; 55%,
n¼77 for 30D938 bp; Fig. 4D).
Next, we examined whether the distance between the enhan-
cer and the promoter/reporter gene affects the orientation sensi-
tivity. In the above experiments, we identiﬁed the position of the
core endostyle enhancer. We deleted the DNA region that is not
necessary for the activity of the endostyle enhancer to shorten the
distance between the core endostyle enhancer and the Ci-TPO
promoter (Fig. 4E) and observed its effect. Certainly, the expres-
sion of GFP from the Ci-TPO4GFP cassette at the reverse orienta-
tion became somewhat stronger compared to the RFP in the
endostyle (Table 3). However, strong orientation sensitivity was
still observed (Fig. 4F and Table 3), suggesting that the distance is
not the major cause for the orientation-sensitive enhancer activ-
ity. Expression in the gut was unaffected in this experiment. This
deletion experiment also suggested that the deleted region does
not restrict the accessibility of the enhancers to the transgene.
We examined whether the position of the transgene is crucial
for the orientation sensitivity of the enhancer activity. For this
examination, the Ci-TPO4GFP cassette was inserted into a region
about 1 kbp upstream from the original insertion site (Fig. 4E,
bottom). In this case, the orientation sensitivity of the endostyle
enhancer was lost: an identical level of GFP expression was
observed irrespective of the orientation of the Ci-TPO4GFP
cassette (Fig. 4G and Table 3). This result suggests that the
position of the transgene is crucial for the orientation sensitivity
of the endostyle enhancer. In contrast to the endostyle enhancer,
the gut enhancer still shows the same orientation sensitivity as
the original insertion site (Fig. 4G and Table 3), suggesting that
the orientation sensitivity of the endostyle is separable from that
Fig. 4. Properties necessary for the orientation sensitivity of the endostyle enhancer. (A) The design of a series of deletion constructs for the identiﬁcation of the core endostyle
enhancer. (B) GFP expression of a juvenile into which the full-length 1175 bp fragment construct was electroporated. GFP expression is observed in the endostyle (En).
(C) Deletion of 215 bp from the 50 end of the 1175 bp fragment causes loss of the enhancer activity. Expression of GFP at the end of the endostyle (an arrow) is derived from the
constitutive activity of the Ci-TPO promoter. (D) A total of 938 bp from the 30 end of the 1175 bp fragment is unnecessary for the endostyle enhancer activity. (E–G) The distance
between the enhancer and promoter is not the cause of the orientation sensitivity, while the position of the transgene is crucial for the orientation sensitivity of the endostyle
enhancer. (E) Design of constructs. (F) Fluorescence images of juveniles into which up6k EEdel30938 bp(F) (left) or up6k EEdel30938 bp(R) (right) constructs were electroporated.
Green, GFP ﬂuorescence; magenta, RFP ﬂuorescence. The white signal is the merged ﬂuorescence of green and magenta indicating that GFP and RFP were expressed at similar
levels. In the up6k EEdel30938 bp(F) electroporated juvenile, GFPwas strongly expressed in the endostyle, gut and CNS, while GFP ﬂuorescence in the endostyle and gut was weak
in the up6k EEdel30938 bp(R) electroporated juvenile. (G) Fluorescence images of juveniles into which UpEE dTPOG(F) (left) or UpEE dTPOG(R) (right) constructs were
electroporated. In both juveniles, GFP was strongly expressed in the endostyle and CNS. In contrast to the endostyle, strong GFP expression in the gut was observed only in the
UpEE dTPOG(F)-electroporated juvenile. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
A. Hozumi et al. / Developmental Biology 375 (2013) 79–9186of the gut enhancers; the orientation sensitivity of each enhancer
may be determined independently of the others.
There remained a possibility that expression of the Ci-
TPO4GFP cassette is affected by the location of the enhancer
relative to the transcription unit rather than the orientation of the
transcription unit. Speciﬁcally, the endostyle enhancer is
upstream from the Ci-TPO4GFP cassette when the cassette is in
the forward orientation, while the enhancer is downstream from
the Ci-TPO4GFP cassette when the cassette is in the reversed
orientation. The upstream/downstream location of the enhancer
relative to the Ci-TPO4GFP cassette might affect the enhancer
activity. The ﬁnding that both the UpEE dTPOG(F) and UpEE
dTPOG(R) constructs showed strong GFP expression eliminated this
possibility, because in UpEE dTPOG(F), the endostyle enhancer isdownstream from the Ci-TPO4GFP cassette, and the endostyle
enhancer is upstream from the Ci-TPO4GFP cassette in UpEE
dTPOG(R). Therefore, the endostyle enhancer can enhance the expres-
sion from the Ci-TPO4GFP cassette irrespective of its upstream/
downstream location.
Characterization of the cis element required for the orientation-
sensitive activity of the endostyle enhancer
To elucidate the mechanisms of the orientation-sensitive
enhancer activity, we characterized the DNA region required for
the orientation sensitivity of the endostyle enhancer by deleting
the 6 kbp upstream region of Ci-GALNT6-related from its 50 end
(Fig. 5A). We chose this region because changing the position of
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A. Hozumi et al. / Developmental Biology 375 (2013) 79–91 87the Ci-TPO4GFP to be upstream from the endostyle enhancer
eliminated the orientation sensitivity (Fig. 4E and G), implying
that the upstream region is responsible for the phenomenon.
When 1805 bp from the 50 end of the cis element was deleted
from the upstream region (Fig. 5A, B, Table 4), GFP expression
showed sensitivity to the orientation of the Ci-TPO4GFP cassette.
When we deleted 2035 bp or more, expression of the GFP was
observed in both orientations of the Ci-TPO4GFP cassette
(Fig. 5A, C, D, Table 4), suggesting that the endostyle enhancer
did not display the orientation sensitivity. Therefore, the region
1 kbp upstream from the endostyle enhancer is responsible for
the orientation sensitivity of the enhancer. We named the region
the ‘‘orientation sensitivity responsible element (OSRE)’’. The
OSRE is present in the same region as the gut enhancer shown
in Fig. 2B.
We next analyzed whether the relative orientation of the OSRE
and the endostyle enhancer is crucial for the orientation-sensitive
enhancer activity. When the orientation of either the OSRE or the
whole region of the endostyle enhancer was reversed, the
endostyle enhancer activated GFP expression from the Ci-
TPO4GFP cassette irrespective of the orientation of this tran-
scription unit (Fig. 6A–D and Table 5). Likewise, the orientation
sensitivity was lost when the orientation of the whole OSRE and the
endostyle enhancer fragment was reversed (Fig. 6E and Table 5).Discussion
E15 is an enhancer detection line that expresses GFP in a CNS-
speciﬁc fashion, suggesting that E15 entraps an enhancer for the
CNS. Certainly, the genomic region near its causal insertion site
contains an enhancer for the CNS. However, there are other
enhancers near the insertion site that drive gene expression in
the endostyle and gut. The CNS enhancer can drive the expression
of the GFP gene which is inserted in both orientations, while the
endostyle and gut enhancers can drive this expression only when
the GFP gene is inserted at one of the two orientations. Because
the GFP gene of the E15 line is inserted at an orientation that
cannot be regulated by the endostyle and gut enhancers, we
conclude that the different orientation sensitivity of the enhan-
cers is one reason that the E15 line is a CNS-speciﬁc enhancer
detection line.The E15 line has a transposon insertion between Ci-GALNT6-related
and Ci-SMPD3
The causal insertion of the E15 enhancer detection line is
positioned between Ci-GALNT6-related and Ci-SMPD3. GALNT
proteins function in mucin-type O-linked protein glycosylation
(Bennett et al., 1996, 1999; Tian and Ten Hagen, 2009; Jensen
et al., 2010). Expression of Ci-GALNT6-related was observed in
various tissues of embryos and juveniles, which is reasonable
since O-linked glycan is utilized in multiple cellular and devel-
opmental phenomena. The endostyle, gut and CNS have speciﬁc
enhancers driving Ci-GALNT6-related, suggesting that these tissues
require strong expression of this gene for O-linked glycosylation.
Little is known about O-linked glycan in ascidians; however,
O-linked glycan was detected from the vitelline coat of the
ascidian Halocynthia roretzi (Baginski et al., 1999). The presence
of the genes encoding GALNT proteins suggests that O-linked
glycan is also present in C. intestinalis.
The mammalian orthologue of Ci-SMPD3, SMPD3, is expressed
abundantly in the neurons of the CNS (Hofmann et al., 2000;
Stoffel et al., 2005), suggesting a prominent role of SMPD3 in the
CNS. The function of SMPD3 was suggested to be in the Golgi
Fig. 5. Identiﬁcation of the cis element required for the orientation-sensitive activity of the endostyle enhancer. (A) Design of DNA constructs. (B) Fluorescence images of
juveniles into which Up6k Del501805 bp dTPOG(F) (left) or Up6k Del501805 bp dTPOG(FR) (right) was electroporated. GFP was strongly expressed in the endostyle only in
the Up6k Del501805 bp dTPOG(F)-electroporated animal. (C) Fluorescence images of juveniles into which Up6k Del502035 bp dTPOG(F) (left) or Up6k Del502035 bp
dTPOG(R) (right) was electroporated. GFP ﬂuorescence was observed in the endostyle in both animals. (D) Fluorescence images of juveniles into which endostyle enhancer
dTPOG(F) only (left) or endostyle enhancer dTPOG(R) only (right) was electroporated. GFP ﬂuorescence was observed in the endostyle in both animals.
Table 4
Identiﬁcation of the cis element responsible for the orientation sensitivity of the endostyle enhancer.
% of juvenile/endostyle % of juvenile/CNS n
GFP4RFP GFP¼RFP GFPoRFP no expression GFP4RFP GFP¼RFP GFPoRFP
Full up6k/dTPOG(F) 100 0 0 0 4.1 95 0 24
Full up6k/dTPOG(R) 0 11 76 7.6 3.8 96 0 26
Up6k del50 934 bp/dTPOG(F) 100 0 0 0 0 100 0 11
Up6k del50 934 bp/dTPOG(R) 0 2.2 86 11 0 100 0 45
Up6k del50 1805 bp/dTPOG(F) 100 0 0 0 0 93 6.2 16
Up6k del50 1805 bp/dTPOG(R) 4.7 30 57 7.1 2.3 97 0 42
Up6k del50 2035 bp/dTPOG(F) 88 9.8 0 1.9 0 100 0 51
Up6k del50 2035 bp/dTPOG(R) 66 12 4.1 16 8.3 91 0 24
Up6k del50 2319 bp/dTPOG(F) 91 6.5 0 2.1 0 93 6.5 46
Up6k del50 2319 bp/dTPOG(R) 84 5.6 0 9.4 3.7 94 1.8 53
endostyle enhancer only/dTPOG(F) 93 0 0 6.4 0 100 0 31
endostyle enhancer only/dTPOG(R) 75 9.3 0 15 3.1 96 0 32
n Animals with ﬂuorescence in the CNS were counted to assure that DNA was successfully electroporated.
A. Hozumi et al. / Developmental Biology 375 (2013) 79–9188secretory pathway of the neurosecretory neurons (Stoffel et al.,
2005). Because Ciona has neuropeptides (Tsutsui et al., 1995;
Kawada et al., 2008, 2010, 2011; Sasakura et al., 2012),
a neurosecretory system should also be present. Indeed, Ci-
SMPD3 is expressed in the CNS at the early tailbud and adult
stages. Our in situ hybridization did not detect a recognizable
signal of Ci-SMPD3 at the juvenile stage. The CNS may lose the
expression of Ci-SMPD3 temporarily at the juvenile stage due to
the reconstruction of the CNS during metamorphosis (Horie et al.,
2011). Expression of Ci-SMPD3 may be increased after maturation
of the CNS along with growth. Expression of Ci-SMPD3 is also
observed in the notochord; this gene may also have a role in the
secretory system of this cell type.
Mechanisms of orientation sensitivity of enhancers
This study found that the enhancer activity of the endostyle
and gut enhancers is sensitive to the orientation of the reporter
gene. These enhancers can enhance the expression of GFP insertedat the forward orientation but cannot enhance GFP at the reverse
orientation at the insertion site of the E15 line. The OSRE is
outside of the endostyle enhancer, suggesting that the orientation
sensitivity is not in the nature of the endostyle enhancer; the
sensitivity is made possible by the DNA element outside of the
enhancer. Indeed, the endostyle enhancer can upregulate the
transcription of the transcription units at both orientations with-
out the OSRE. Because the OSRE overlaps with one of the two gut
enhancers, we were not able to address the effect of the OSRE on
the gut enhancers; however, the orientation sensitivity of the gut
enhancers may be given by a mechanism similar to that of the
endostyle enhancer.
The OSRE is sensitive to its own orientation, the orientation of
the endostyle enhancer and the position of the transcription unit
(Ci-TPO4GFP cassette in this study). In addition, the OSRE cannot
always repress the enhancer activity even when all of these
conditions allow suppression by the OSRE; the OSRE can cancel
the enhancer activity only when the transcription unit is at one of
the two orientations. These data suggest that the OSRE may not
Fig. 6. The OSRE is sensitive to its own orientation and to that of the endostyle enhancer. (left) Design of DNA constructs. The modiﬁcations done in the constructs are
described in parentheses. (right) Fluorescence images of juveniles into which the left-hand constructs were electroporated. In the OSRE(F)EE(F) constructs, strong GFP
expression in the endostyle was observed when the Ci-TPO4GFP cassette (dTPOG) was in the forward orientation. In the OSRE(R)EE(R), OSRE(R)EE(F), OSRE(F)EE(R) and
EE(R)OSRE(R) constructs, GFP expression in the endostyle was observed in both orientations of Ci-TPO4GFP.
Table 5
Switching the orientation of the OSRE and/or endostyle enhancer.
% of juvenile/endostyle % of juvenile/CNS n
GFP4RFP GFP¼RFP GFPoRFP Fluorescence negative GFP4RFP GFP¼RFP GFPoRFP
OSRE(F) EE(F) dTPOG(F) 94 2.5 0 2.5 0 92 7.6 39
OSRE(F) EE(F) dTPOG(R) 2.3 14 78 4.7 0 100 0 42
OSRE(F) EE(R) dTPOG(F) 94 2.6 0 2.6 0 100 0 38
OSRE(F) EE(R) dTPOG(R) 74 16 0 9.3 0 97 2.3 43
OSRE(R) EE(F) dTPOG(F) 42 55 2.1 0 0 100 0 47
OSRE(R) EE(F) dTPOG(R) 36 57 2.6 0 0 97 2.6 38
OSRE(R) EE(R) dTPOG(F) 39 55 0 5.2 0 94 5.2 38
OSRE(R) EE(R) dTPOG(R) 94 2.5 0 2.5 0 100 0 39
EE(R) OSRE(R) dTPOG(F) 15 43 33 7.6 0 97 2.5 39
EE(R) OSRE(R) dTPOG(R) 5.4 48 35 10 0 100 0 37
n Animals with ﬂuoresence in the CNS were counted to assure that DNA was successfully electroporated.
A. Hozumi et al. / Developmental Biology 375 (2013) 79–91 89repress the enhancer activity through a chemical modiﬁcation of the
enhancer element, such as the DNA methylation and histone mod-
iﬁcations, because these modiﬁcations may occur irrespective of the
orientations of the elements. Moreover, these modiﬁcations may not
occur on the plasmid DNA electroporated into C. intestinalis, because
most of the transiently introduced plasmids are rarely inserted into
the C. intestinalis genome (Matsuoka et al., 2005). We favor the
hypothesis that the OSRE restricts the accessibility of the enhancer to
promoters by affecting the local conformation of the DNA regionthrough the speciﬁc character of the DNA sequence. Such an effect
could occur in the plasmid DNA as in the genomic DNA. When
promoters are in the orientation that permits the endostyle enhancer
to receive the regulation (in this study, the ‘‘forward orientation’’), the
enhancer–promoter interaction is so ﬁrm as to be resistant to the
OSRE. If the promoter is in the non-permissive orientation (in this
study, the ‘‘reverse orientation’’), the promoter–enhancer interaction
may not be so ﬁrm that the promoter and enhancer can be affected
by the conformation change by the OSRE.
A. Hozumi et al. / Developmental Biology 375 (2013) 79–9190Although the orientation sensitivity of the enhancers is reca-
pitulated by DNA constructs transiently introduced into Ciona, the
degree of orientation sensitivity is somewhat different between
the artiﬁcial constructs and the E15 line. In the former case, weak
GFP expression was observed in the endostyle and gut even
though the GFP reporter was inserted at the non-competent
orientation, while the E15 line shows a complete loss of GFP
expression in tissues other than the CNS. The difference may be
caused by the mosaicism of exogenous DNA in the animals into
which the DNA was electroporated. In electroporated animals,
many DNA molecules are concatemarized (Matsuoka et al., 2005),
and the state of rearrangement likely differs among the cells.
Some of the cells may contain a concatemer of DNA in which
some GFP genes are rearranged to be responsive to the regulation
by endostyle/gut enhancers. In the E15 line, such rearrangement
does not occur because a transgene was stably inserted in the
genome by a transposon. The stable integration of transposons
allows us to observe the phenomena in the chromosome with
high reliability. In this study, we were not able to address the
endogenous function of the OSRE in relation to the transcriptional
regulation of nearby genes. For this purpose, modiﬁcation of the
genome of C. intestinalis, such as deleting the OSRE to observe the
effect on the expression of Ci-GALNT6-related, is necessary. Cur-
rently, such an experiment is difﬁcult in C. intestinalis; however,
future technological innovation in this ascidian, as exempliﬁed by
the editing of the genome with engineered nucleases (Kawai
et al., 2012), will enable us to conduct such experiments.
It is well known that the location of enhancers is ﬂexible.
Many enhancers can change their position and orientation rela-
tive to the genes they regulate without losing their enhancer
activity. Given such ﬂexibility, the means by which the positions
of enhancers and genes are determined has not been understood
well. This study suggests that enhancer activity can be inﬂuenced
by nearby DNA elements, and as a result the position and
orientation of genes cause substantial changes in the efﬁciency
of the enhancer activity. This means that the relative positions
and orientations of genes and enhancers are not randomly
determined. Such constraints may have determined the positions
of enhancers and genes during the evolution of animal genomes.Acknowledgments
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